Glypican-3 (GPC3) is a cancer antigen expressed in approximately 80% of hepatocellular carcinomas (HCC) and is secreted into the blood. To confirm the effectiveness of GPC3 as a biomarker in HCC, we analyzed the relationship between GPC3 expression levels in cancer cells and in blood in 56 patients with HCC. Preoperative S U PP O RTI N G I N FO R M ATI O N Additional supporting information may be found online in the Supporting Information section. How to cite this article: Shimizu Y, Mizuno S, Fujinami N, et al. Plasma and tumoral glypican-3 levels are correlated in patients with hepatitis C virus-related hepatocellular carcinoma. Cancer
plasma GPC3 levels were determined with an immunoassay, and expression of GPC3 in resected tumors was analyzed by immunohistochemical staining. Median plasma GPC3 level in all HCC cases was 4.6 pg/mL, and tended to be higher in patients with hepatitis C virus (HCV)-related HCC (HCV group) (9.9 pg/mL) than in patients with hepatitis B virus (HBV)-related HCC (HBV group) (2.6 pg/mL) or in those without virus infection (None group) (3.0 pg/mL), suggesting that the virus type most likely influences GPC3 secretion. Median percentage of GPC3 + cells in tumors was also higher in the HCV (26.2%) and HBV (11.1%) groups than in the None group (4.2%).
In the HCV group, there was a positive correlation between the two parameters (r = 0.66, P < .01). Moreover, receiver operating characteristic analysis predicted >10% GPC3 + cells in a tumor if the cut-off value was 6.8 pg/mL (sensitivity 80%, specificity 100%; area under the curve 0.875, 95% confidence interval 0.726-1) in the HCV group. Plasma concentration of GPC3 could be a predictive marker of tumoral GPC3 expression in patients with HCV-related HCC, suggesting a useful biomarker for immunotherapies targeting GPC3, although larger-scale validations are needed.
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| INTRODUC TI ON
Hepatocellular carcinoma (HCC) is the fourth leading cause of cancer-related death worldwide, which is expected to increase in many countries, especially in Asia, in the future. 1 Despite progress in surgical and non-surgical therapies, the prognosis of HCC remains poor. The multikinase inhibitor sorafenib was reported to prolong median survival and the time to progression for HCC patients, and lenvatinib was found to be non-inferior to sorafenib with regards to improving overall survival in cases of untreated advanced HCC. 2, 3 Nevertheless, new biomarkers and molecular targets are urgently needed to improve the prognosis.
Glypican-3 (GPC3) is an oncofetal proteoglycan that is bound to the cell surface by a glycosylphosphatidylinositol anchor. 4 GPC3 is expressed in various fetal tissues (ie, liver, lung, kidney, and placenta), but is not observed in normal postnatal tissues; however, GPC3 is expressed in HCC, melanomas, ovarian clear cell carcinoma, and in certain childhood cancers (hepatoblastomas, nephroblastomas, and yolk sac tumors). [5] [6] [7] Recent immunohistochemistry (IHC) studies have suggested that GPC3 can also be expressed in other tumors, including gastric cancer, colorectal cancer, non-small cell lung cancer, thyroid cancers, renal cancer, bladder cancer, and breast cancer. [8] [9] [10] [11] [12] Furthermore, a strong GPC3 IHC score was found to be of prognostic value for HCC, as it was significantly correlated with shorter overall survival (OS) and disease-free survival (DFS). [13] [14] [15] Thus, in an attempt to effectively target these strongly malignant and potent tumors, we previously developed GPC3-derived peptide vaccines, which were assessed in clinical trials. [16] [17] [18] [19] [20] [21] In the future, we envision an array of GPC3-based strategies besides cancer vaccines, including their application in adoptive immunotherapy with T-cell receptor-or chimeric antigen receptor-transduced T cells. 22 To enhance the clinical effects and efficiently allocate these agents to patients, it is necessary to develop a biomarker that would enable selecting patients who are most likely to benefit from these treatments.
GPC3 is also released into the serum of HCC patients where it undergoes cleavage at its central region into its N-and C-terminal forms by the enzyme furin. 23 GPC3 is also considered to exist in a full-length form, as in the membrane-bound state, with numerous intermolecular disulfide bonds. 24, 25 Although many studies have reported the potential utility of GPC3 as a tumor marker, the majority of these studies detected only the N-or C-terminal subunit. 6, [25] [26] [27] Moreover, few studies have precisely analyzed the correlation of plasma GPC3 levels and GPC3 expression in tumors.
Traditionally, pretreatment GPC3 expression in tumors could only be assessed by a small biopsy specimen, which is highly invasive and unreliable owing to intratumoral heterogeneity. 28 We recently developed a measurement system specific to full-length GPC3 (FL-GPC3) in the blood. 29 In the previous study, we developed a conventional chromogenic sandwich ELISA system that quantified antigen concentration using the absorbance of TMB. 30 The antibody set used in the system was a 3-D structure-recognizing antibody comprising two monoclonal antibodies that could capture full-length GPC3 in the form of a sandwich. However, it was difficult to sufficiently identify antibody-binding sites using this assay.
The measurement system used in the present study was a fully automatic high-throughput immunoassay system, HISCL TM -800 (Sysmex Co.) that has a wider dynamic range and higher sensitivity. The newly established antibody set used in the present study has higher affinity than that used in the previous study, and its binding site is clear. Therefore, we believe that the measurement system used in this study has higher sensitivity than that used in the previous study.
In the present study, we evaluated whether this novel system could contribute to the prediction of GPC3 expression in HCC patients as a useful, non-invasive biomarker. Although GPC3 has been reported to be expressed in several tumors in addition to HCC, it remains unclear whether GPC3 is also present in the blood of patients with these cancers. Therefore, we also evaluated plasma and tumoral GPC3 levels in patients with several tumor types.
Confirmation of such correlations would allow for predicting the expression of GPC3 by pretreatment liquid biopsy to more effectively determine prognosis and select patients who are eligible for GPC3targeting immunotherapies. 
| MATERIAL S AND ME THODS

| Patients and plasma samples
| Measurement of plasma GPC3 and alphafetoprotein
To assess the levels of plasma GPC3, FL-GPC3 was measured using the HISCL TM -800 (Sysmex Co.) automated immunoassay device. 29 This system involves a sandwich assay using an antibody recognizing the N-terminus of GPC3 for capture and an antibody recognizing the C-terminus for detection. Serum AFP concentrations were measured using a commercially available electrochemiluminescence immunoassay kit (Roche).
| Immunohistochemistry staining and analysis
Immunohistochemistry staining was carried out by the tyramide signal amplification method using an Opal IHC kit (PerkinElmer) according to the manufacturer's instructions. In patients with multiple HCC, the largest tumor resected was analyzed. This analysis uses microwave treatment to remove primary and secondary antibodies while retaining the fluorescent signal. Tissue sections (3 μm in thickness) were cut from each formalin-fixed, paraffin-embedded tumor specimen and then baked at 60°C onto adhesive glass slides for 30 minutes before deparaffinization. The primary antibody used was anti-GPC3 (clone 1G12, 1:200 dilution; BioMosaics), and spectra DAPI (PerkinElmer) was used for staining of nuclei. Tris-EDTA (pH 9) buffer was used for microwave heating before GPC3 staining.
Opal fluorophores (PerkinElmer) were used for labeling the primary antibody. A HRP-labeled secondary detection system (EnVision Plus; DAKO) was used as a catalyst for fluorophore-conjugated tyramide.
Fluorescently labeled images (669 × 500 μm each) of the tumor (20 fields) were captured with an automated imaging system (Vectra ver. 3.0; PerkinElmer). Image analysis software (InForm; PerkinElmer) was used to detect GPC3 + cells and measure their fluorescence intensity. These cells were quantified using an analytical software program (Spotfire; TIBCO) and their percentage among total cells was then calculated.
| Statistical analysis
Statistical analyses were carried out using the R software package 
| RE SULTS
| Levels of plasma GPC3 alter over time and could be a specific marker for HCC
We previously measured the concentrations of plasma GPC3 in another dataset including 37 patients with HCC who underwent radical surgery between 2008 and 2010. Median value tended to be higher than that of the current dataset (between 2015 and 2017) ( Figure   S1 ). This suggested the potential time-dependent change of plasma GPC3 concentration in patients with HCC. Moreover, the plasma GPC3 concentration in patients with HCC (both datasets) was significantly higher than that in healthy donors (P < .01 and P = .01).
Meanwhile, that in patients with various other types of carcinomas was almost the same as that in healthy donors, indicating that plasma GPC3 could be a specific marker for HCC ( Figure S1 ).
| Patient characteristics
Clinical and demographic characteristics of the 56 patients with HCC whose preoperative plasma GPC3 levels were measured and resected specimens were evaluated by immunohistochemical staining are summarized in Table 1 . Forty-two patients were male, and median age was 69.0 years. Forty patients (71.4%) had a hepatic virus infection, and all patients had Child-Pugh class A disease.
Pathological stage was determined according to the TNM classification of the UICC, 31 showing that almost all patients had stage I or II disease. Mean tumor size was 37.1 mm. Moreover, 67.9% of TA B L E 1 Characteristics of 56 patients with HCC whose preoperative plasma GPC3 levels were measured and resected specimens were evaluated by immunohistochemical staining the patients were diagnosed with vascular invasion and 82.1% had chronic hepatitis. Median preoperative plasma GPC3 level was 4.6 pg/mL and mean proportion of GPC3 + cells was 22.5%.
| Virus infection type strongly influences the secretion and expression of GPC3
We next examined the factors that most strongly affected plasma GPC3 levels (Table S1 ). When classified by virus type, median plasma GPC3 level in patients with HCV infection (HCV group) tended to be higher than that of patients with HBV infection (HBV group) and in those without virus infection (P = .06) (Table S2, Figure 1A) , suggesting that virus type might play the greatest role in GPC3 secretion.
Similar trends were also observed in the 2008-2010 dataset (Table   S3 ). Proportion of HCV patients dropped from 62% to 45% between the two datasets, suggesting that the above-mentioned chronological change in GPC3 plasma levels was likely related to the change in the proportion of patients with HCV or HBV.
In addition, the proportion of GPC3 + cells in tumors was higher in the HCV and HBV groups than in the None group (HCV vs None; P < .01, HBV vs None; P = .14) (Table 2, Figure 1B ). There were no significant differences in the other factors assessed according to virus type.
Next, we analyzed correlation between plasma GPC3 concentra- Figure S2 ).
We postulated that this difference in expression intensity was responsible for the difference in plasma GPC3 levels.
| Plasma GPC3 levels enabled prediction of tumoral GPC3 expression in patients with HCVrelated HCC
We also examined the ability of plasma GPC3 levels to predict GPC3 expression in tumors using ROC curve analysis. ROC curves were created for the HCV group, which showed the highest correlation between the two factors, and the value that maximized the sum of sensitivity and specificity was determined using the Youden index.
As a result, tumors with >10% GPC3 + cells could be predicted with 80% sensitivity and 100% specificity (AUC, 0.875; 95% confidence interval [CI], 0.726-1.000) when the cut-off GPC3 plasma value was set to 6.8 pg/mL (Figure 3) . Similarly, when the cut-off values were set to 8.7 and 9.2 pg/mL, a 20% GPC3 + cell proportion could be predicted with 77.8% sensitivity and 80% sensitivity (AUC, 0.793; 95% CI, 0.603-0.982) and 30% GPC3 + could be predicted with 76.9% sensitivity and 91.0% sensitivity (AUC, 0.881; 95% CI, 0.722-1.000) ( Figure S3 ).
| Validation of the cut-off value for predicting tumoral GPC3 expression in other patients with HCVrelated HCC
For further confirmation of these prognostic associations, we also measured plasma GPC3 levels in a separate group of 248 patients with HCV-related HCC in the OMH data set (Table S4) We also evaluated differences in patient characteristics between the two groups as shown in Table S5 . In the FL-GPC3 >6.8 pg/mL group, there were a greater number of patients with multiple tumors, tumors greater than 20 mm, or Child classification B or C. In addition, patients with Child classification B or C were in more advanced disease stages than those with classification A (Table S6 ). Taken together, these findings suggest that patients with higher plasma GPC3 levels are in more advanced stages of HCC. Indeed, it has been reported that the expression of tumoral GPC3 increases with tumor progression. 14, 32, 33 These results seem to suggest that the cut-off value of plasma GPC3 levels reflects tumoral GPC3 expression in patients with HCV-related HCC. In addition, in the survival analysis, as expected, the prognosis of patients in advanced stages and with Child-Pugh classification B or C was poorer (Table S7 ).
| Plasma FL-GPC3 may be a biomarker for the diagnosis of HCC
We compared plasma FL-GPC3 levels between non-carcinogenic patients with HCV-related chronic hepatitis (HCV-CH) (CH group) (n = 95) and patients with HCV-related HCC whose samples were collected before treatment (HCC group) (n = 105) in the OMH data set. Mean plasma FL-GPC3 levels of the CH and HCC groups were 19.2 ± 34.1 pg/mL versus 44.5 ± 120.0 pg/mL (P = .049), respectively.
Mean alpha-fetoprotein (AFP) levels of the CH and HCC groups were 11.7 ± 23.4 ng/mL versus 29 515.0 ± 154 986.8 ng/mL (P = .067), respectively. We summarized these values in Table S8 .
Next, we examined the ability of plasma FL-GPC3 and serum AFP levels to discriminate between the two groups using ROC curve analysis. In this analysis, patients with HCC could be identified with 47.4% sensitivity and 91.1% specificity (AUC, 0.723; 95% CI, 0.650-0.795) when the plasma GPC3 cut-off value was set to 6.6 pg/mL, and with 90.4% sensitivity and 76.2% specificity (AUC, 0.88; 95% CI, 0.830-0.931) when the serum AFP cut-off value was set to 24.0 ng/ mL ( Figure S4 ). Furthermore, when both cut-off values were applied, HCC patients could be diagnosed with 68.3% sensitivity and 89.4% specificity ( Figure 5 ). Although plasma FL-GPC3 is thought to be a useful marker for the diagnosis of HCC, this should be confirmed in a prospective study.
| D ISCUSS I ON
The present analysis showed that GPC3 expression in tumors was Indeed, we found a correlation between the levels of plasma and tumor GPC3 levels, and the possibility of predicting GPC3 expression in tumors from plasma GPC3 concentration showed higher specificity and sensitivity in HCC patients with HCV infection.
Moreover, there seemed to be a discrepancy between patients with HCV and with HBV; that is, similar to the HCV group, tumors in patients with HBV-related HCC showed high GPC3 expression but the plasma GPC3 levels were lower than those of patients with HCVrelated HCC. We used our newly developed measurement system of FL-GPC3 in the blood. 29 Although, to date, there have been several reports of measurement of either the N-terminal or C-terminal domain of plasma GPC3, only one report based on measurement of the N-terminal domain showed the same tendency, namely that plasma GPC3 levels in patients with HCV-related HCC tended to be higher than those with HBV-related HCC. 25 As previously described, there are several forms of plasma GPC3. Therefore, this discrepancy may be due to differences in the form of GPC3 present between patients with HCV-and HBV-related HCC. However, this could not be addressed in the present study because of the limited sample size. Based on these findings, validation in a larger population is warranted.
Furthermore, we also observed elevation of plasma GPC3 levels in a few of the healthy donors, and in patients with chronic hepatitis and cirrhosis caused by HCV. Indeed, several studies have confirmed the expression of GPC3 in regenerative nodules, HCV samples, and even in normal liver tissues, suggesting that the elevation of GPC3 occurs during the early stage of liver carcinogenesis or that GPC3 could be produced by non-malignant or pro-malignant liver cells. 11, 27, [40] [41] [42] We also believe that GPC3 is secreted from these GPC3-positive cells into the blood. 42 Despite previous efforts, insufficient evidence is available on whether the progression of chronic hepatitis to HCC could be detected or predicted based on the plasma GPC3 level. 40, 42 In the present study, we attempted to diagnose HCC using a combination of FL-GPC3
and AFP, and the diagnostic accuracy was similar to that in previous reports. 43 We are now focusing on the correlation between FL-GPC3 and GALAD score, an algorithm based on gender, age, AFP, AFP-L3, and des-γ-carboxyprothrombin. 44 The early diagnosis of carcinogenesis in patients with chronic hepatitis may contribute to the improvement of their prognosis, and thus further study is needed to confirm these findings.
In the present study, in contrast to patients with HCC, levels of plasma GPC3 in patients with other carcinomas were similar to those of healthy donors, with some individual exceptions. In addition, intratumoral expression of GPC3 was largely unconfirmed. In these cases, it may be secreted from hepatocytes expressing GPC3 or another tumor site that could not be evaluated with IHC analysis.
Functional genomic mRNA profiling has been reported as an aid to diagnose intratumoral GPC3 expression for such cancers with a low frequency of GPC3 expression. 45 Moek et al 12 reported a relative difference of ≤10% in 28 of 34 tumor types for which functional genomic mRNA data could be compared with the results of IHC analysis. This is a promising result, suggesting a useful method as a biomarker for predicting GPC3 expression in various carcinomas.
In conclusion, levels of plasma FL-GPC3 could enable predicting intratumoral GPC3 expression in patients with HCV-related HCC.
Moreover, plasma GPC3 might be an effective marker for selecting patients who are suitable candidates for cancer immunotherapies targeting GPC3. However, these results should be validated in a larger study including patients with HCC after HCV exclusion.
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